Introduction
Superantigens, predominantly derived from Staphylococcus aureus , have been recognized that may be linked to T-helper type 2 (Th2) cell-mediated inflammation and directly affect the activities of inflammatory leukocytes, such as mast cells and eosinophils [1] [2] [3] [4] . Staphylococcal superantigens (SAg) have recently been implicated in the pathogenesis of various allergic conditions, e.g. atopic dermatitis, urticaria, allergic rhinitis, nasal polyposis and bronchial asthma [5] [6] [7] [8] . Previous studies have reported that the prevalence of serum-specific immunoglobulin E (IgE) to SAg is related to the severity of asthma and eo-sinophilic inflammation in adult asthma [9] [10] [11] . In addition, a few reports have demonstrated the presence or increased level of specific IgE to SAg in nasal polyp tissue of patients with aspirin-exacerbated respiratory disease (AERD). However, the presence of serum-specific IgE to SAg and its clinical relevance in patients with AERD has been reported only rarely [12] [13] [14] [15] . Considering that chronic eosinophilic inflammation is a key feature of upper and lower airway inflammation in AERD, we hypothesized that SAg might be relevant to eosinophilic airway inflammation in patients with AERD [16] . Therefore, we evaluated serum IgE sensitization to three types of SAg, including staphylococcal enterotoxins A and B (SEA and SEB) and toxic shock syndrome toxin-1 (TSST-1), in association with the clinical features in patients with AERD.
Material and Methods
This study included 147 patients with AERD, 147 patients with aspirin-tolerant asthma (ATA) and 141 nonatopic healthy controls (NC) from Ajou University Hospital, Suwon, South Korea. The diagnosis of asthma in all patients was based on the International Global Initiative for Asthma guidelines. AERD was diagnosed by a positive response to a lysine-acetyl salicylic acid bronchoprovocative test, which was performed according to a method described previously [17] . The NC group was recruited using a screening questionnaire from a general population with no medical history, including drug allergy and respiratory symptoms. A skin prick test to common inhalant allergens (Bencard, Bradford, UK) was performed. Atopy was defined if the skin prick test showed one or more positive responses to allergens. The levels of total IgE and specific IgE to SEA, SEB and TSST-1 were measured using the ImmunoCAP system (Phadia, Valinge, Sweden). The cut-off value for a positive result for a specific IgE was 0.35 kU/l as recommended by the manufacturer. The presence of chronic rhinosinusitis (CRS) and nasal polyps was checked using paranasal sinus X-ray and rhinoscopy. Methacholine bronchial challenge tests were performed as described previously [18] . Severe asthma was diagnosed according to the definition of the American Thoracic Society Workshop 2000 [19] . This study was approved by the institutional review board of Ajou University Hospital and performed with the written informed consent of all participants.
All data are presented as means ± standard deviation (SD). For analysis, total IgE values were transformed logarithmically and are presented as geometric means. Group comparisons with continuous (binary) variables were performed using the Kruskal-Wallis (Fisher's exact) test. To evaluate the statistical significance of the correlation between two variables, specific IgE to SAg, and other asthma-related clinical parameters, the Pearson correlation analysis was applied (SPSS 16.0 Inc., Chicago, Ill., USA).
Results
The clinical characteristics of the study subjects are detailed in table 1 . The AERD and ATA groups were not significantly different in terms of age, gender and comorbidities with severe asthma. The mean ages of patients with AERD and ATA were significantly higher than those of the NC group (46.7 ± 13.5 and 42.6 ± 13.4 years vs. 31.9 ± 10.9, respectively; p < 0.001). The 2 asthma groups (AERD vs. ATA) showed no significant differences in the mean levels of total IgE and other clinical parameters, such as the total eosinophil count, eosinophil cationic protein (ECP), sputum eosinophil percentage, and predicted value of forced expiratory volume in 1 s (FEV 1 %). The mean value of PC 20 methacholine in patients with AERD was significantly lower than that in patients with ATA (3.49 ± 6.73 vs. 6.63 ± 8.83 mg/ml; p < 0.001). The atopy rate was significantly higher in patients with ATA than in those with AERD (p = 0.018). The comorbidities of CRS and nasal polyps were significantly higher in patients with AERD than in those with ATA (p = 0.005 and p < 0.001, respectively).
The prevalence and level of serum IgE specific for each SAg were compared among the 3 groups. The prevalences of serum SEA-, SEB-and TSST-1-specific IgE in the AERD and ATA groups were significantly higher than in the NC group (p < 0.05; fig. 1 ). The prevalence of specific IgE to SEB tended to be higher in the AERD than in the ATA group (21.2 vs. 16.4%), but statistical significance was not reached.
Asthma-related clinical parameters were compared according to positivity for IgE specific for each SAg in patients with AERD ( table 2 ). The correlations between clinical parameters and SAg-specific IgE were assessed in patients with AERD using the Pearson correlation. No significant differences were noted in the mean age, atopy rate, severe asthma, CRS, nasal polyps, sputum eosinophil percentage and FEV 1 % when patients with AERD were stratified according to the presence of SAg-specific IgE. However, the serum total IgE level was significantly higher in patients with AERD with a positive IgE specific for each SAg than in those who were negative (p < 0.05), with significant positive correlations between the mean levels of total IgE and IgE specific for each SAg (r = 0.230 for SEA, r = 0.234 for SEB and r = 0.226 for TSST-1; p < 0.05). The PC 20 methacholine level was significantly lower in patients with AERD positive for SEA-specific IgE, while the total eosinophil count was significantly higher in patients with AERD positive for SEB-specific IgE than in those who were negative.
Discussion
Superantigens are virulent polypeptides that are produced by a variety of infectious organisms. Among them, S. aureus -derived enterotoxins are known to possess potent stimulatory effects on T cells, eosinophils, neutrophils and other inflammatory cells involved in asthmatic inflammation, although S. aureus is often found as a part of the normal microflora of the upper airway [1, 20, 21] . The exotoxins of S. aureus were detected more frequently in patients with CRS than in the NC. Furthermore, the mean eosinophil counts tended to be higher in exotoxinpositive patients with CRS than in those without CRS [22] . SEA seems to induce proasthmatic, T-cell-mediated changes in the airway smooth muscle when presented by airway smooth muscle to CD4+ lymphocytes [23] . In animal studies, SEB was shown to trigger the recruitment of proinflammatory cells and the production of several cytokines associated with airway responsiveness [24] . More recently, SEB has been demonstrated to induce release of Th2-type cytokines while disfavoring T-regulatory cytokine release in nasal polyp tissue [25] . Furthermore, there are data demonstrating that SEB facilitates sensitization to ovalbumin and consecutive bronchial inflammation with the airway hyperresponsiveness of an allergic asthma phenotype in mouse models [26] . The colonization rate of S. aureus in nasal tissue homogenates was higher in asthmatic patients with aspirin sensitivity along with an increased level of ECP. These studies suggest that local SAg may promote Th2 and eosinophilic inflammation in the upper and lower airways of patients with asthma and rhinitis. This increasing amount of evidence also suggests the involvement of SAg in chronic eosinophilic inflammation in the upper and lower airway mucosa of patients with AERD.
Superantigen-induced immune responses mediated by IgE have also been reported in airway disease. IgE antibodies to SAg have been described in nasal polyp tissue and linked to local polyclonal IgE production and eosinophilic inflammation, which is often associated with severe asthma and aspirin hypersensitivity [13, 14, 27] . More recently, a study identified that serum SAg-specific IgE antibodies are risk factors for asthma, particularly severe asthma, although the presence of specific IgE to grass pollen or house-dust mite allergen was not an independent risk factor for asthma or asthma severity [11] . Previous studies reported that the production of tissue eicosanoid, cysteinyl leukotrienes (LT), LT B4 and lipoxin A4 was increased in patients with nasal polyps with high levels of IgE specific for SAg compared to those without SAgspecifc IgE; this eicosanoid concentration was correlated with IL-5 and ECP levels [28] . In this study, the prevalence and levels of serum IgE specific for three SAgs in patients with AERD were significantly higher than in the NC. However, no significant differences were noted in the serum SAg-specific IgE response compared to that in patients with ATA, which is in contrast to previous reports that the prevalence of local SAg-specific IgE within nasal polyp tissue was significantly higher in patients with AERD than in those with ATA [13] [14] [15] . These findings suggest that the local IgE response to SAg in target tissues of patients with AERD may increase airway inflammation. Further studies should investigate the effect of a local SAg-specific IgE response in patients with AERD compared with systemic specific IgE responses.
This study strengthens and extends the findings of previous reports of a strong relationship between serum SAgspecific IgE and total IgE levels [9, 10, 29] . When patients with AERD were stratified according to the presence or absence of serum SEA-, SEB-and TSST-1-specific IgE, each subgroup that had a high level of IgE specific for the three SAgs showed significantly higher serum total IgE levels than did those without IgE specific for each SAg ( table 2 ) . No significant difference in the presence of atopy was noted between the 2 groups. These findings may explain why some patients with AERD who were classified as nonatopic because they showed negative results on the skin prick test but had high total serum IgE levels, were found to have high levels of serum SAg-specific IgE [30] . Therefore, SAg may increase the serum total IgE level by stimulating IgE production by B cells, regardless of the atopic status of the patient. Another notable outcome of this study is the PC 20 methacholine level being significantly lower in patients with AERD with high levels of SEAspecific IgE compared to those with lower levels. A significant negative correlation between the levels of SEAspecific IgE and PC 20 methacholine was found. These data are in agreement with those of other studies, supporting the notion that SAg contributes to increased airway hyperresponsiveness in asthmatic patients [12, 23] . In addition, the peripheral eosinophil count was significantly increased in patients with AERD with high specific IgE to SEB. A notable effect of immune responses to SAg on the eosinophilic inflammation in nasal polyp tissue has been reported [27, 28] . Huvenne et al. [31] reported that SEB induced human nasal epithelial cells to upregulate proinflammatory mediators, resulting in prolonged survival of eosinophilic granulocytes and contributing to airway remodeling. SAg can stimulate IL-5 production, which may induce the activation of 5-lipoxygenase, leading to LT synthesis and subsequent recruitment of activated eosinophils to the site of inflammation [30, 32] . Likewise, our previous study demonstrated that the SEB-specific IgE titer in nasal polyp tissue was significantly higher in patients with AERD than in those with ATA, with significant positive correlations between the levels of specific IgE to SEB and ECP or IL-5 [13] . These findings suggest that a SAgspecific IgE response is implicated in eosinophilic airway inflammation in patients with AERD. Our data suggest that a specific IgE response to the three types of SAg could increase the serum total IgE level in patients with AERD. In addition, a SEA-specific IgE response may contribute to increased airway hyperresponsiveness, while a SEBspecific IgE response could contribute to increased peripheral eosinophil counts. Previous studies have reported that HLA allele DPB1 * 0301 is a strong marker for AERD because patients with this allele presented with an AERD phenotype, such as a decreased FEV 1 % and high comorbidity of CRS with nasal polyps [33] [34] [35] . In this study, no significant association between IgE sensitization to SEAs and the HLA-DBP * 0301 allele was found.
In conclusion, we suggest a role for SAg-specific IgE in modifying the severity of airway inflammation, leading to more severe clinical symptoms in patients with AERD. Further studies are needed to clarify the details of the mechanism underlying the difference in the effect of SAg in upper and lower airway inflammation in patients with AERD compared with those with ATA.
